Objective-The pathophysiology of left ventricular (LV) dysfunction, particularly in the setting of a preserved ejection fraction (EF), remains unclear. Few studies have investigated the relationship between arterial compliance and LV function in humans, and none used cardiovascular MRI. Methods and Results-We sought to determine whether arterial compliance is related to regional myocardial function among participants of the Multi-Ethnic Study of Atherosclerosis (MESA). Arterial compliance was assessed using carotid ultrasound measurements to calculate the distensibility coefficient (DC) and Young's modulus (YM). Circumferential systolic (SR S ) and diastolic (SR E ) strain rates were calculated by harmonic phase (HARP) from tagged MRI. Associations between arterial compliance and indices of ventricular function were adjusted for cardiovascular risk factors. We found a significant association between arterial compliance and SR S in all myocardial regions (PϽ0.05); arterial compliance was also associated with SR E in the lateral and septal wall regions (PϽ0.05). Multiple linear regression analyses demonstrated a direct linear relationship between the carotid artery DC and SR S across all LV segments and slices, even after adjustment for cardiovascular risk factors and LV mass. In regression analyses, a significant relationship between arterial compliance and SR E in the septal and antero-apical walls was also found and remained significant after multivariable adjustment.
H eart failure (HF) continues to be a major cause of cardiovascular morbidity and mortality. Although the overall incidence of HF has stabilized, the prevalence of HF presenting in the setting of preserved ejection fraction (EF) is rising. x1 Amid ongoing efforts to identify the mechanisms underlying myocardial dysfunction, recent work has focused on HF with preserved EF (HFPEF) in particular. 2, 3 There is now evidence to suggest that HFPEF is the product of an interplay between ventricular and vascular stiffening occurring with increasing age. 4 This coupling of ventricular and vascular stiffening processes may lead to load-dependent impairment of systolic as well as diastolic ventricular function. 5 To date, only a few studies have investigated the relationship between vascular compliance and ventricular structural 6, 7 or functional 8, 9 properties in humans. Furthermore, all previous work in this area has relied on Doppler echocardiography to assess ventricular indices. Cardiovascular magnetic resonance imaging (MRI) now offers a detailed assessment of intrinsic ventricular properties that can provide important complementary information to existing echocardiographic data. Therefore, we used carotid ultrasound in combination with cardiovascular MRI tissue tagging to examine the relationship between arterial compliance and ventricular function in a large cohort of ethnically diverse individuals free of known cardiovascular disease at baseline. Clarifying an association between decreased carotid arterial compliance and impaired ventricular function may further elucidate the pathogenesis of HF and, at the same time, highlight potential modalities for identifying subclinical ventricular dysfunction.
Methods
The Multi-ethnic Study of Atherosclerosis (MESA) design and population have been described in detail elsewhere. 10 In brief, MESA is a prospective population-based observational cohort study of men and women from 4 different ethnic groups (Caucasian, African-American, Hispanic, and Chinese), aged 45 to 84 years old and free of clinical cardiovascular disease at baseline. In the MESA study, cardiac MRI was performed in 5004 participants as a part of the baseline examination. In this ancillary study, 1100 consecutive participants (53.8% male) underwent tagged MRI studies at enrollment in six centers (Wake Forest University, NC; Columbia University, NY; Johns Hopkins University, Md; University of Minnesota, Minn; Northwestern University, Ill; and University of California at Los Angeles, Calif). The participants for the tagged MRI study were randomly selected. This subcohort is similar to the MESA cohort in demographic aspects as previously described. 11 All participants gave informed consent for the study protocol, which was approved by the institutional review boards of all MESA field centers as well as MRI and ultrasound reading centers.
MRI Protocol
Images were obtained using 1.5T MR scanners (SIGNA [LX and CVI], GE Medical Systems; and SIEMENS Medical Solutions [Vision and Sonata]) with ECG-triggered segmented k-space fast spoiled gradient-echo (SPGR or FLASH) pulse sequence during breath holds. Dedicated phase array coils were used for signal acquisition. After completing the standard imaging protocol, 3 tagged short axis slices were acquired at the LV base, mid-level, and apex. Parallel striped tags were ascribed in 2 orthogonal orientations (0 0 and 90 0 ) using identical pulse sequences with additional spatial modulation of magnetization (SPAMM). 12 The parameters for tagged MRI images were: field of view 40 cm; slice thickness 8 to 10 mm; repetition time 3.5 to 7.2 ms; echo time 2.0 to 4.2 ms; flip angle 12 0 ; matrix size 256ϫ96 to 140; 4 to 9 phase encoding views per segment; temporal resolution 20 to 41 ms; and tag spacing 7 mm.
MRI Data Analysis
LV mass, LV end diastolic volume (LVEDV), and ejection fraction (EF) were determined for each study using commercially available software (MASS, version 4.2 Medis). Short axis tagged slices were analyzed by the HARP method (Harmonic Phase, Diagnosoft, Palo Alto, Calif) to assess strain 13 as well as strain rate. Strain and strain rate provide complementary information on segmental myocardial function. 14 Regional systolic circumferential strains (Ecc) were determined in 4 LV segments (anterior, lateral, inferior, and septal) from the LV midwall layer. Strain rate was derived by strain measurements over time for each LV segment, according to the following formula:
SRϭ
Ecc2ϪEcc1 T2ϪT1
Peak systolic strain was assessed as illustrated in Figure 1 . Peak systolic strain rate (SR S ) and early filling strain rate (SR E ) were derived from strain measures in each segment. By convention, systolic strains and systolic strain rates are negative and increased negativity denotes enhanced function. Early diastolic filling strain rate (SR E ) could be assessed in 85% of all studies and represented the main index of diastolic function used.
Carotid Imaging
The carotid arteries were evaluated using high resolution B-mode ultrasonography. Each ultrasound study involved the acquisition of 1 real-time transverse (short-axis) scanning sequence and 1 longitudinal image of the common carotid artery. Readers blinded to all clinical information made measurements at a central reading center. The maximal intima-media thickness (IMT) of the common carotid 
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artery was defined as the mean of the maximal IMT of the near and far wall on both the left and right sides, measured at 10 mm proximal to the common carotid bulb. The real-time transverse (short-axis) scanning sequence consisted of a sweep of the carotid artery from the base of the common carotid, up through the bulb, into the internal carotid, and then back down to the base of the common carotid.
Calculation of the Distensibility Coefficient and Young Modulus of Elasticity
For each subject, systolic and diastolic diameters of the common carotid artery were assessed by ultrasonography. Blood pressure measurements were determined by upper arm sphygmomanometry during acquisition of carotid artery measurements. These data were used to assess distensibility (a measure of compliance) and elasticity (a measure of stiffness) of the carotid artery, according to the approach described by Gamble et al 15 :
Young's modulus (YM)ϭ D⌬P ⌬Dh ⌬D is the difference between systolic and diastolic diameter; ⌬P is the systolic to diastolic pressure change measured at the brachial artery; D s is the systolic diameter; D is the average carotid artery diameter; and, h is the wall thickness (IMT) of the arterial segment.
Reproducibility of Ultrasound
The ultrasound reproducibility studies were performed in 221 participants, where 211 of the records were intraobserver repeated ultrasound analyses. For distensibility coefficient (DC) and Young's modulus (YM) of elasticity, the intraobserver intraclass correlation coefficient (ICC) was 0.71 and 0.69, respectively. The interobserver (nϭ10) ICC was 0.85 and 0.84 for DC and YM, respectively. In rereading exams, the intraobserver variability for DC and YM were also assessed, and in 204 participants the ICC was 0.68 for DC and 0.80 for YM, revealing good to excellent agreement. For carotid IMT measures, the ICC correlation for 31 intraobserver rescan analysis was 0.95. The results for rereads analysis also showed a good correlation, with the intraobserver ICC of 0.98 (nϭ71) and the interobserver ICC of 0.87 (nϭ77).
Reproducibility of HARP
To assess the inter-and intraobserver agreement for myocardial MR-tagged image analysis using the HARP technique, 3 independent observers performed 2 separate quantitative strain analyses of myocardial cine MR-tagging images blindly in 24 MESA participants. Interobserver and intraobserver variability for all peak strain values (nϭ2592) related to tag persistence. Intraclass correlation coefficients R for interobserver and intraobserver agreement for peak systolic midwall ECC were 0.81 and 0.84, respectively, revealing excellent agreement. 16
Statistical Analysis
Multiple linear regressions were used to examine the relationship between the distensibility coefficient (DC) and regional systolic (SR S ) as well as diastolic function (SR E ). We considered the first model to be the simple linear regression of SR S or SR E on DC and YM. The variables adjusted for in the second model were: age, gender, race/ethnicity, body mass index (BMI), systolic and diastolic blood pressure, diabetes, LDL cholesterol, cigarette smoking, and common carotid intima-media thickness (IMT). To determine whether LV hypertrophy (LVH), inflammation, and any therapy for hypertensive disease attenuate the association between subclinical atherosclerosis and regional LV function, we added left ventricular end-diastolic mass, C-reactive protein (CRP), and medications used to control hypertension, in a third model. Differences in systolic and diastolic strain rates for various DC and YM tertiles across different myocardial regions were compared using one-way ANOVA. Pairwise comparisons were made using a post-hoc Bonferoni correction. Two-sided probability values of less than 0.05 were considered statistically significant. All analyses were performed using SPSS version 13.0.
Results
Demographic, hemodynamic, and risk factors data of the 1100 study participants are presented in Table 1 . The mean DC was 0.002Ϯ0.001 (meanϮSD) and the mean YM was 1378.51Ϯ23.53 (meanϮSD). The study population was 53.8% male, 28% African American, 29.7% Hispanic, 9.2% Chinese American, and 33.1% Caucasian, with mean age of 66.3Ϯ9.7 (meanϮSD). Figure 2a shows the mean SR S across ranges of DC in all myocardial regions. Individuals in the third (highest) DC tertile had significantly decreased circumferential SR S in the inferior and septal walls compared with individuals in the first (lowest) DC tertile. In other words, increased arterial compliance (represented by higher vascular distensibility) was associated with increased LV systolic function in these regions. Further analyses revealed a direct linear relationship Regression coefficients represent difference in strain rate per 0.1 increased in DC (2 mm Hg Ϫ1 ) *PϽ0.05, †PϽ0.01, adjusted by risk factors. As circumferential SR S is normally negative, negative regression coefficients represent increased systolic function. ‡Model 1 is unadjusted. §Model 2 adjusts for age and gender, race/ethnicity, body mass index, systolic and diastolic blood pressure, diabetes, LDL cholesterol, cigarette smoking, and common carotid intima-media thickness.
Arterial Compliance and Regional Left Ventricular Systolic Function
Model 3 adjusts for left ventricular mass, C-reactive protein, and use of antihypertensive medications. *DC: 2⌬D/⌬PD s , ⌬D is the change in systolic/diastolic diameter, ⌬P is the systolic/diastolic pressure change measured at the brachial artery, D s is the systolic diameter, D is the average carotid artery diameter.
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antihypertensive medication) demonstrated that decreased arterial compliance was significantly associated with reduced systolic function across all LV segments and slices (PϽ0.05). Table 3 shows the regression results examining the relationship between myocardial systolic strain rate (SR S ) and arterial stiffness as assessed by Young's modulus (YM). We found a consistent association between SR S and YM in the mid-slice, in all LV regions in the unadjusted model, and even after adjustment for variables in model 2. After we include CRP, LV mass, and use of antihypertensive medication (model 3), SR S from the anterior and lateral regions remained significantly associated with YM, whereas SR S from the inferior and septal regions were no longer associated. When evaluating the other slices, SR S from the apical slice in anterior and lateral regions had significant associations with YM (PϽ0.05) in all 3 statistical models. In contrast, SR S from the basal slice was not significantly associated with YM in any region, even in unadjusted models. The distribution of mean systolic strain rates (SR S ) across ranges of Young modulus of elasticity in each ventricular wall region is demonstrated in Figure 2b , where there is no difference among tertiles in the different LV myocardial regions. Figure 3 illustrates the distribution of mean SR E values across ranges of DC in all myocardial regions. Peak early diastolic strain rates were significantly higher among individuals in the third (highest) DC tertile compared with those in the first (lowest) DC tertile in the lateral (1.75 s Ϫ1 versus 1.98 s Ϫ1 , PϽ0.05) and septal (1.25 s Ϫ1 versus 1.45 s Ϫ1 , PϽ0.05) wall regions. Because SR E values are normally positive, higher values (correlated here with increased arterial compliance) represent increased diastolic function in these myocardial regions. Multiple linear regression analyses also demonstrated a relationship between increased carotid distensibility and enhanced LV diastolic function (please see supplemental Table I , available online at http://atvb.ahajournals.org), where regression coefficients (RC) represent the change in SR E for every 0.1 change in DC. We detected positive correlations between arterial compliance and diastolic regional myocardial function throughout segments of the mid and apical LV wall regions. Furthermore, associations between increased carotid DC and greater diastolic function remained even after adjustment for risk factors and therapies to control blood pressure, with significant results in the septal and anteroapical regions (PϽ0.01). With respect to specific wall regions, our analyses also showed that greater SR E was associated with a higher DC in the anterior wall (RC for SR E ϭ7.8) and septum (RC for SR E ϭ7.9; PϽ0.05) in the apical slice. Diastolic function was also directly related to compliance in the lateral and inferior regions (mid slice) in the unadjusted model, and in the septal region (midslice) even in the fully adjusted model (RC for SR Eϭ 7.8, please see supplemental Table I) . Regression coefficients represent difference in SR S per 10 4 increased in YM (mm Hg . . . mm Ϫ1 ); *PϽ0.05, †PϽ0.01, adjusted by risk factors. As circumferential SR S is normally negative, negative regression coefficients represent increased systolic function. ‡Model 1 is unadjusted; §Model 2 adjusts for age and gender, race/ethnicity, body mass index, systolic and diastolic blood pressure, diabetes, LDL cholesterol, cigarette smoking, and common carotid intima-media thickness.
Arterial Compliance and Regional Left Ventricular Diastolic Function
Model 3 adjusts for left ventricular mass, C-reactive protein and use of antihypertensive medications.
Young's modulus (YM)ϭD⌬P/ ⌬Dh, ⌬D is the change in systolic/diastolic diameter, ⌬P is the systolic/diastolic pressure change measured at the brachial artery, h is the wall thickness (intima-medial thickness ͓IMT͔) of the arterial segment.
We found strong inverse associations of early diastole SR E and YM (the higher the YM, less diastolic function only in the anterior LV region from mid and apical slices, that remained significant even in fully adjusted models (PϽ0.05).
Pulse Pressure and Regional Myocardial Function
Linear regression analyses were performed between regional myocardial function and pulse pressure (systolic blood pressure minus diastolic blood pressure). We did not find any significant association between pulse pressure and systolic strain rate or diastolic strain rate for the left ventricular basal, mid and apical slices.
Discussion
This study demonstrates a consistent association between carotid arterial stiffness and impaired regional LV function in a cohort of asymptomatic individuals without previously diagnosed cardiovascular disease. By highlighting the presence of early vascular dysfunction in the setting of subclinical ventricular dysfunction, this study provides evidence in support of a novel paradigm for understanding the pathogenesis of HF. It is the first to relate measures of arterial stiffness to myocardial regional function in a large multiethnic population. The uniqueness of the study is also underscored by the complex methodology used to quantify both vascular material properties and myocardial deformation measured in detail by MRI tagging.
Elevated peripheral arterial resistance is commonly found in the setting of overt, and often advanced, HF and has been considered an adaptive response to impaired ventricular contractility and subsequent low-perfusion states. 17 Investigations over the last decade have sought to confirm the presence of arterial stiffening during the early and not just the late phases of myocardial dysfunction to clarify its potential role in the development of HF. 18 However, studies of the association between HF and more direct measures of vascular stiffness have been less consistent, 19 possibly because of the effects of survival bias, blood pressure parameters, or functional vascular changes associated with advanced HF. Using the distensibility coefficient, a direct measure of carotid arterial compliance, ours is the first population-based study to confirm the presence of arterial stiffness in the setting of subclinical myocardial dysfunction.
Decreased arterial compliance is one of the earliest detectable manifestations of adverse structural and functional changes in the vessel wall. Stiffening in both medium-sized and large elastic arteries is associated with multiple cardiovascular risk factors-including hypertension, dyslipidemia, obesity, smoking, diabetes, and aging-all of which also favor the development of atherosclerosis in previous studies 20 as well as in MESA. 21 Not surprisingly, previous studies have identified arterial stiffness itself as a risk factor for myocardial infarction 22, 23 as well as clinical HF. 24 It seems logical then that impaired arterial compliance would be associated with ventricular dysfunction via atherosclerosis and related ischemic events. However, we found arterial stiffness related to subclinical myocardial dysfunction even after controlling for multiple risk factors and in the absence of clinical cardiovascular disease. Previous studies have also described an association between elevated pulse pressure and incident HF in the absence of or independent from any coexistent CAD. 18 Together, these findings are consistent with evidence demonstrating that although asymptomatic LV dysfunction confers a high risk of progression to clinical HF, the majority of cases are not precipitated by identifiable ischemic events. 25 However, the possible role of subclinical atherosclerosis cannot be discounted. Arterial stiffness is correlated with the presence and severity of atherosclerosis, 26 and we have previously shown that subclinical atherosclerosis is also associated with regional myocardial dysfunction. 27, 28 Conduit vessel resistance, particularly in the setting of coronary stenoses, may increase myocardial vulnerability to falls in coronary perfusion pressure and subendocardial ischemia. 29, 30 Furthermore, our data demonstrate that the association between arterial stiffening and myocardial dysfunction can be regional in nature, and heterogeneously located plaques may influence the regionality of ventricular dysfunction seen in this study. Notwithstanding the possible role of subclinical atherosclerosis, there are several mechanisms that also may contribute to the relationship between arterial stiffening and myocardial dysfunction. Any decrease in diastolic blood pressure, as a result of arterial stiffness, may compromise coronary artery blood flow, even in the absence of stenoses. 23 Impaired myocardial oxygen supply, particularly at the level of small coronary resistance vessels, may lead to fibrosis and the deposition of myocardial and perivascular collagen. 31 Reduced arterial compliance also may be a mechanism by which overactivity of the renin-angiotensin-aldosterone system produces both vascular and ventricular damage and adverse remodeling. 32 Undoubtedly the most studied comorbid condition associated with both arterial stiffening and HF is hypertension. A compelling and plausible explanation for the relationship between arterial compliance and LV dysfunction invokes 
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longstanding high blood pressure, chronic pulsatile hemodynamic loading on the LV, and subsequent ventricular hypertrophy predisposing to impaired function. Interestingly, however, we found that carotid arterial compliance was associated with regional myocardial function even after adjustment for blood pressure, therapies to control hypertension, and LV mass. Therefore, it appears from our results that arterial stiffness itself, and not just its sequelae, are directly associated with alterations in regional myocardial function. This finding coincides with recent work demonstrating that concurrent vascular and ventricular stiffening can progress even in the absence of cardiac hypertrophy. 33 This study includes 1100 subjects, making it the first and largest community-based study of the association between arterial stiffening, assessed using the distensibility coefficient, and early ventricular dysfunction, represented by circumferential strain measurements from cardiovascular MRI tissue tagging. Cardiovascular MRI is uniquely accurate and reproducible in its application of tissue tagging for objective assessments of regional myocardial dysfunction. However, some technical limitations are inherent to this imaging modality. Because tags can sometimes fade before the appearance of the associated QRS on the rhythm strip, strain profiles and curves do not always return to baseline (zero) at end-diastole. 16 Several additional factors, including the normal beat-to-beat variation in stroke volume, may affect the precision of MRI tagging. Since strain rate is a derivative strain over time, and directly dependent on strain profile, 15% of strain rate curves could not be assessed reliably. In this regard, echocardiography may offer superior temporal resolution in assessing strain rate.
Our results demonstrate subclinical alterations in myocardial contractility in the absence of overt heart failure. However, the prognostic significance of such asymptomatic regional myocardial dysfunction in individuals with decreased arterial compliance, as seen in this study, has yet to be determined. Because of pulse pressure amplification between central and peripheral arteries (amplification phenomenon) it is generally considered less accurate to use brachial pulse pressure as a surrogate for aortic or carotid pulse pressure. 34 In younger subjects, the "stiffness gradient" along the arterial tree can generate wave reflections and increase the pressure amplification directly, because the central arteries are usually more elastic than peripheral arteries. However, this gradient can be reversed with aging or hypertension. 35, 36 In our study, the distensibility indices were based on brachial rather than carotid pulse pressures, but we have reason to believe that this would not differentially affect our regional myocardial function associations, because the population included participants aged 45 to 84. In contrast to systemic arterial stiffness, which can only be estimated from models of the circulation, the regional and local methods can be measured directly, noninvasively, at various sites along the arterial tree. [37] [38] [39] More importantly, the cross sectional nature of this study precludes inferring causality between arterial stiffening and regional myocardial alterations, although this may be the subject of future longitudinal studies. Indeed, we were not able to explore the relationship with any drug intervention given the strict observational nature of the MESA study.
Because MESA includes participants from 4 different ethnic groups, our study sample was more diverse than populations previously studied. 18 However, the generalizability of our results may still be limited by sampling bias inherent to volunteer selection for a study such as MESA.
Conclusions
The presence of decreased arterial compliance in the setting of asymptomatic regional myocardial dysfunction suggests that arterial stiffness may be involved in the pathogenesis of HF. Multiple plausible explanations for this relationship exist, and thus further research is needed to elucidate the role of vascular compliance in the development of ventricular dysfunction and failure.
